We have used polymorphic chloroplast simple-sequence repeats to analyse levels of genetic variation within and between seven native Scottish and eight mainland European populations of Scots pine (Pinus sylvestris L.). Diversity levels for the Scottish populations based on haplotype frequency were far in excess of those previously obtained using monoterpenes and isozymes and con¢rmed lower levels of genetic variation within the derelict population at Glen Falloch. The diversity levels were higher than those reported in similar studies in other Pinus species. An analysis of molecular variance (AMOVA) showed that small (3.24^8.81%) but signi¢cant (p40.001) portions of the variation existed between the populations and that there was no signi¢cant di¡erence between the Scottish and the mainland European populations. Evidence of population substructure was found in the Rannoch population, which exhibited two subgroups. Finally, one of the loci studied exhibited an allele distribution uncharacteristic of the stepwise mutation model of evolution of simple-sequence repeats, and sequencing of the PCR products revealed that this was due to a duplication rather than slippage in the repeat region. An examination of the distribution of this mutation suggests that it may have occurred fairly recently in the Wester Ross region or that it may be evidence of a refugial population.
INTRODUCTION
The native populations of Scots pine (Pinus sylvestris L.) in Scotland represent the only remaining natural pine woodland in the UK (Steven & Carlisle 1959) . As a result of excessive exploitation and mismanagement, only a few dozen small woodlands covering less than 11000 ha (1ha 10 4 m 2 ) remain (Goodier & Bunce 1977) . Recently, the perceived historic, scienti¢c and recreational importance of these woodlands has increased and the conservation of native pinewoods has aroused both public and scienti¢c interest. One of the fundamental issues in the conservation of present-day populations of native Scots pine is to maintain high levels of population diversity while protecting the genetic integrity of the native populations. Knowledge of the genetic structure of existing populations should form the basis for a rational and sustainable conservation programme. Current legislation on the management of native Scots pine in Scotland is based on the biochemical analysis of monoterpene composition (Forrest 1980) , and this type of analysis has also been used to study the relationships between native and European populations of P. sylvestris (Forrest 1982) .
The analysis of hypervariable simple-sequence repeats (SSRs), or microsatellites (Tautz 1989; Powell et al. 1996a) , has provided a powerful technique to study genetic diversity and gene £ow in natural populations of tree species (Chase et al. 1996; Dow & Ashley 1996; Dawson et al. 1997; White & Powell 1997a,b) . In conifers, however, the development of SSR markers is not straightforward, as the complexity of conifer genomes makes it di¤cult to isolate and characterize e¡ective single-locus SSRs (Kostia et al. 1995; Morgante et al. 1996; Pfei¡er et al. 1997) . The occurrence of SSR polymorphism has recently been documented in the chloroplasts of pines (Powell et al. 1995a; Vendramin et al. 1996) as well as in soya bean (Powell et al. 1995b (Powell et al. , 1996b and rice (Provan et al. 1996 (Provan et al. , 1997 . The combination of data from multiple polymorphic sites in the non-recombining, predominantly uniparentally-inherited haploid chloroplast genome o¡ers a robust, highly informative assay for the analysis of diversity in natural populations of plant species.
We have studied levels of chloroplast SSR (cpSSR) variation in seven native Scottish and eight mainland European populations of Scots pine to quantify levels of di¡erentiation both within and between populations. Our aims were to describe the variation detected and elucidate the mutational process operating at cpSSR regions in P. sylvestris, to compare the levels of polymorphism detected using cpSSRs with those obtained previously from monoterpenes and isozyme analyses, and to study the relationships between native Scottish and mainland European populations of Scots pine.
MATERIALS AND METHODS

(a) Genetic material and DNA extraction
The populations studied are shown in ¢gure 1. Needles were sampled directly from Scottish and Spanish populations. Material from other European populations was obtained from an INRA provenance trial in Orle¨ans National forest. DNA was extracted from needle tissue using the method of Wagner et al. (1987) .
(b) Identi¢cation of cpSSRs, primer design and polymerase chain reaction (PCR)
The complete chloroplast sequence of black pine (Pinus thunbergii) was analysed for the presence of mononucleotide (AÁT) n and (GÁC) n repeats using the STRINGSEARCH software (Genetics Computer Group). Nineteen repeats containing n510 repeats were identi¢ed and primers were designed to amplify 18 mononucleotide SSR repeats using the PRIMER software package (V0.5; table 1). The repeat at the 107 569 base pair (bp) position lay within the coding sequence of the rpl32 gene and was not studied because SSR loci within coding regions (excluding the hypervariable trinucleotides associated with various pathological states in mammals) are under greater selective pressure and consequently exhibit little or no polymorphism. PCR was done in a total volume of 10 ml containing 1 ÂPCR bu¡er (10 mM Tris-HCl, 1.5 mM MgCl 2 , 50 mM KCl, pH 8.3), 200 mM dNTPs, 10 pmol [ 32 P] end-labelled forward primer (Sambrook et al. 1989) , 10 pmol reverse primer, 0.1U Taq polymerase (Boehringer Mannheim) and 50 ng of genomic DNA. Reactions were done on an MJ Research PTC 200 DNA engine thermal cycler using the following parameters: (i) initial denaturation at 94 8C for 3 min; (ii) 30 cycles of denaturation at 94 8C for 15 s, annealing at 60 8C for 15 s and extension at 72 8C for 30 s; and (iii) ¢nal extension at 72 8C for 5 min. After addition of 10 ml of loading bu¡er (95% formamide), products were resolved on 6% denaturing polyacrylamide gels containing 1 ÂTBE bu¡er and 8 M urea at 80 W constant power for 2 h. Gels were transferred onto 3 MM blotting paper (Whatman), dried, and exposed to X-ray ¢lm overnight without intensi¢ca-tion screens. Ampli¢cation of locus PCP110074 failed to give a reproducible product and thus was subsequently excluded from the analysis.
(c) Direct sequencing of PCR products PCR products were sequenced directly using standard £uor-escent terminator chemistry on a 373A Applied BioSystems automated sequencer.
(d) Analysis of cpSSR polymorphism
Diversity values based on haplotype frequencies were calculated using the equation
where n is the number of individuals analysed and p i is the frequency of the ith haplotype. The sampling variance was calculated as
where p i is the frequency of the ith haplotype (Nei 1987) . Principal coordinate analysis was done based on city-block similarities (Digby & Kempton 1989 ) using the GENSTAT software package (version 5.0; 1987) . Levels of population di¡eren-tiation were estimated from F-statistics (Exco¤er et al. 1992; Michalakis & Exco¤er 1996) and were calculated using the Arlequin software (version 1.1; Schneider et al. 1997) . Distances between cpSSR haplotypes were calculated from the sum of the squared number of repeat di¡erences between two haplotypes:
where a x i and a y i are the number of repeats for the ith locus in haplotypes x and y. This gives an analogue of Slatkin's R ST (1995) for population di¡erentiation.
RESULTS
(a) Patterns of genetic variation detected at cpSSR regions
Thirteen of the 17 cpSSR loci analysed were polymorphic, exhibiting between two and six alleles (table 2a,b) . From these allele frequencies it can be seen that most loci exhibited a unimodal distribution, with alleles di¡ering by 1 bp from each other. This suggests that most of the observed variation conforms to the stepwise mutation model (SMM), which can be explained by replication slippage at SSR loci (Valdes et al. 1993; DiRienzo et al. 1994; Freimer & Slatkin 1996) . Furthermore, the non-recombinational nature of the chloroplast genome means that unequal crossing-over cannot be the main causal mechanism. It is therefore feasible to use a metric to estimate genetic distance that is based on the SMM and takes into account the cpDNA molecule as a single heritable unit . This measure of genetic distance is a modi¢cation of the " 2 metric of Goldstein et al. (1995) . One exception was locus PCP36567, which exhibited a bimodal allele distribution inconsistent with the SMM and was thus excluded from analyses of population di¡erentiation.
(b) Unusual genotypes at locus PCP36567
Analysis of the distribution of alleles at each locus generally exhibited an approximately symmetric, unimodal distribution typically associated with the bidirectional mutation processes operating at SSR loci. At locus PCP36567, however, individuals were found that possessed an allele (116 bp) much larger than the others (106/107 bp; ¢gure 2). Because this type of allelic distribution is uncharacteristic of a single SMM of SSR evolution, both the 107-bp and the 116-bp products were sequenced. It was found that the presence of the 116-bp allele was due to the duplication of a 9-bp stretch upstream of the SSR region, rather than a 9-bp increase in the SSR itself (¢gure 3). Analysis of the distribution of this mutation is shown in table 3, and it can be seen that it was only found in ¢ve out of the seven Scottish populations and was completely absent from the mainland European populations studied.
(c) Levels of genetic variation within populations of P. sylvestris
Using 13 polymorphic loci, 174 di¡erent haplotypes were found in the 330 individuals from the Scottish populations, of which 124 (72%) were unique, i.e. were only found in a single individual (table 4) . This means that 38% (124 out of 330) of the trees studied could be uniquely genotyped. Between 47.1% and 80.0% of the haplotypes found in each population were unique to that particular population sample, and between 38.3% and 63.8% of individuals within each sample contained private haplotypes, i.e. those found only in a single population. Over the whole study, 48.8% of individual trees contained a private haplotype. E¡ective numbers of haplotypes in each population ranged from 14.286 in Glen Falloch to 29.412 in Glenmore. Intrapopulation gene diversity values based on haplotype frequency ranged from 0.950 in Glen Falloch to 0.987 in Glen Einig. The total haplotype diversity value calculated across all populations was 0.991.
Six of the primer pairs (PCP26106, PCP3027, PCP36567, PCP45071, PCP71987 and PCP87314) were also used to analyse the eight European populations. Because locus PCP36567 did not appear to conform to a single stepwise mutational process, it was excluded from population analyses. Using the other ¢ve primers, 133 haplotypes were identi¢ed in 515 individuals. E¡ective numbers of haplotypes based on ¢ve loci ranged from 8.180 (Baza) to 25.000 (Rannoch). Levels of gene diversity are shown in table 5 and ranged from 0.908 to 0.981 within individual populations. The total gene diversity across all populations was 0.977. Such diversity levels are much higher than those previously reported in cpSSR studies in other Pinus species (Powell et al. 1995a; Morgante et al. 1997) . Values for the percentage of individuals within a population that exhibited a private haplotype ranged from 0% in the Zahorie population, which contained no private haplotypes, to 35.29% in Silene.
(d) Inter-and intra-population di¡erentiation in P. sylvestris
An analysis of molecular variance (AMOVA) was used to partition the cpSSR variation into within-and between-woodland components (table 6). Considering the data generated with 17 cpSSRs on the Scottish populations, most of the variation (96.76%) was detected within woodlands. A small (3.24%) but signi¢cant (p 0.00101) portion of the variation was attributable to variation between populations. When the same analysis was extended to examine the 15 populations (Scotland and mainland Europe) based on ¢ve cpSSR loci, it was found that 8.81% of the variation (p50.00001) was due to di¡erences between the populations. Partitioning the variation between Scottish and mainland European populations indicated that a small (1.48%), non-signi¢-cant (p 0.13306) portion of the total variation existed between these two groups. This analysis showed that 8.03% of the variation (p50.00001) existed as variation between populations within the two groups, but that most of the variation was attributable to the within-population component (90.49%; p50.00001).
Principal coordinate analysis based on city-block similarities was used to assess levels of intra-population genetic structuring within each woodland. In general, the accessions within a woodland formed a single major cluster. The exception to this was the Rannoch population, which was clearly divided into two subgroups (¢gure 4). An AMOVA based on these two subpopulations showed that 13.28% (p 0.00880) of the variation within the whole population existed between the two subgroups (data not shown).
DISCUSSION
Diversity values based on haplotype frequency in the seven native Scottish populations of Scots pine studied (0.950^0.987) were much higher than the earlier monoterpene (0.272^0.378) and isozyme (0.291^0.311) analyses on the same populations (Kinloch et al. 1986 ). These results, along with the high percentage of unique haplotypes (72%) identi¢ed in the samples studied and the fact that 38% of trees could be individually genotyped, demonstrate the power of cpSSR haplotypes for uniquely di¡erentiating individual trees.
The distribution of cpSSR haplotypes over the seven Scottish populations suggests that, at least at the haplotype level, cpSSRs o¡er potential for the identi¢cation of population-speci¢c markers. Between 30 and 37 haplotypes were found in each population and between 47.1% and 80.0% of these were unique to that population (private haplotypes). In terms of individual trees within the woodlands, between 38.3% and 63.8% (average 48.8%) contained a private haplotype. Many of these, however, were only present in a single tree, which suggests that their occurrence in a single population is a result of the relatively limited sample sizes and that they may not be true population markers.
The lowest diversity value and e¡ective number of haplotypes (0.950 and 14.286, respectively) were both found in the Glen Falloch population. These ¢gures re£ect a severe depletion of the genetic base of the population. This is due to a great reduction in the population size over the past 200 years to the point where less than 100 trees remain today, resulting in high levels of inbreeding. Both Boyle & Malcolm (1985) and Faulkner (1977) have documented the need for conservation of this derelict population and the high resolving power of the cpSSR technique will be useful in the identi¢cation of individuals for the establishment of a clonal breeding orchard with maximum genetic diversity.
Although the mutation rate at cpSSR loci is higher than substitution rates in the rest of the chloroplast genome, it is unlikely that it is of the order of magnitude of the migration rate. Our previous studies on the narrow endemic P. torreyana showed no variation at the same 17 cpSSRs in two reproductively isolated populations which underwent a severe bottleneck before their separation around 8000 Ma BP (Ledig & Conkle 1983; Waters & Schaal 1991) . Based on these results, the mutation rates at cpSSR loci would not appear to occur at a level that would confound analyses of population genetic structure. This has been con¢rmed by other cpSSR-based population studies in pines Echt et al. 1998) .
The F-statistics calculated from hierarchical analysis based on cpSSR haplotypes indicate fairly low levels of population di¡erentiation, with between 3.24% and 8.81% of the total observed variation existing between populations and no signi¢cant di¡erences between Scottish and mainland European populations. This is to Szmidt et al. (1996) in P. merkusii), but these are generally due to biogeographical factors such as high levels of fragmentation. Previous studies on P. sylvestris (Wang et al. 1991; Goncharenko et al. 1994; Shigapov et al. 1995) have shown that inter-population variation accounted for between 1.7% and 7.5% of the total observed variation. Owing to the pollen-transmitted nature of chloroplastbased markers, they may be expected to show lower levels of population di¡erentiation than mitochondrial markers (Dong & Wagner 1994; Ennos 1994; Latta & Mitton 1997) , although high levels of population di¡erentiation have been reported in cpSSR-based studies of P. leucodermis (Powell et al. 1995a) and P. halepensis . The seed-speci¢c nature of mitochondrial markers o¡ers more scope for di¡erentiating between populations and a recent study of mtDNA variation in Scottish P. sylvestris populations recorded a value of F ST 0.370 (Sinclair et al. 1997) . Other studies employing such markers have yielded estimates of G ST /F ST to between 0.560 and 0.958 (Dong & Wagner 1993; Strauss et al. 1993; Latta & Mitton 1997) . The apparent existence of two genetically di¡erent subgroups within a population was a phenomenon found only in the Rannoch population. It is possible that these two subgroups represent two original progenitors or seed lots, as Anderson (1967) has reported that plantations were often located in close proximity to native stands and that gene £ow could occur between the two. Alternatively, it has been suggested that the Rannoch woodland was replanted in the past few hundred years using material from a di¡erent population (C. Fleming, personal communication) or that biased seed collection from a restricted number of trees was used as a source of planting material. Any of these scenarios could give rise to this apparent genetic substructuring, although the fairly low levels of between-population diversity may preclude such a pronounced e¡ect.
Because SSR loci undergo bidirectional mutation, allelic distribution at these loci is generally modal. At locus PCP36567, however, we detected an unusual rare allele (116 bp) in ¢ve of the native Scottish populations; sequencing of the PCR products revealed that the nonuniform allele distribution was due to a 9-bp duplication in the 116-bp allele rather than length polymorphism in the repeat region. This allele was not found in any of the mainland European populations and an examination of the occurrence of the 116-bp allele in the Scottish populations (table 3) revealed that 10 out of the 13 individuals (77%) that exhibited this allele belonged to populations from the Wester Ross region (Shieldaig, Coulin and Loch Maree). This may suggest a fairly recent mutation that occurred in this region and spread slowly through Scotland before fragmentation. Alternatively, this variant may be indicative of the presence of a refugial population in the west of Scotland. Sinclair et al. (1997) reported the occurrence of a localized mtDNA haplotype in western Scottish populations and these results are comparable with isozyme and monoterpene data (Kinloch et al. 1986) , which found that Shieldaig was distinct from the remaining populations.
We have demonstrated here that cpSSR polymorphism can be used to analyse diversity in the chloroplast genome of P. sylvestris. In addition, multiple cpSSR loci can be analysed to give haplotypes that may have value as population-speci¢c markers. Ultimately, when cpSSR polymorphisms are considered along with nuclear and mitochondrial markers to give an indication of the overall history and genetic architecture of our native pinewoods, 
